Steady state studies have shown that quinidine is more depressant at low pH. To determine whether changes in pH affect the kinetics of quinidine interaction with the sodium channel, we measured transmembrane potential and dV/dt n , ax in guinea pig papillary muscles mounted in a single sucrose gap. pH was changed from 7.4 to 6.9 by changing either the bicarbonate concentration [HC(V] (25-7.5 mm) or the CO 2 content (5-20%). dV/dtn,., kinetics were studied by stimulating the preparation with 20-second trains having 500-or 1000-msec interstimulus intervals and 20 seconds between the trains. Time constants (T O ) for the onset of block were 6.2 pulses and 2.7 pulses at interstimulus intervals of 500 and 1000 msec, respectively (P < 0.05) in fibers treated with 4 mg/liter quinidine. Time constant for the onset of block did not show any pH dependence. Recovery from block was not frequency dependent (4.7 ± 0.8 seconds at an interstimulus interval of 500 and 4.0 ± 1.0 second at an interstimulus interval of 1000 msec, P> 0.1). At an interstimulus interval of 500 msec, the recovery time constant increased from 4.7 ± 0.8 to 7.8 ± 2 seconds (P < 0.05) as the pH was lowered to 6.9 by decreasing [HC0 3~]o . This effect was fully reversed when the pH was restored to 7.4 (7.8 ± 2 back to 4 ± 0.4 seconds). Lowering the pH by elevating the CO 2 content gave similar results. The results at an interstimulus interval of 1000 msec parallel those of 500 msec. Elevating the drug concentration from 4 to 16 mg/liter increased the rate of onset of block (T O 5.8 ± 2 pulses to 4.2 ± 1.6 pulses, P < 0.05) but not the rate of recovery from block. These results are consistent with the hypothesis that slowing of the recovery process at low pH is the result of increased protonation of receptor-bound drug and are similar to data previously reported for lidocaine. The data support the view that quinidine and lidocaine interact with the sodium channel in a similar manner, despite suggestions that they have fundamentally different mechanisms of action.
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AUGUSTUS 0. GRANT, JOEY L. TRANTHAM, KATHLEEN K. BROWN, AND HAROLD C. STRAUSS SUMMARY Steady state studies have shown that quinidine is more depressant at low pH. To determine whether changes in pH affect the kinetics of quinidine interaction with the sodium channel, we measured transmembrane potential and dV/dt n , ax in guinea pig papillary muscles mounted in a single sucrose gap. pH was changed from 7.4 to 6.9 by changing either the bicarbonate concentration [HC(V] (25-7.5 mm) or the CO 2 content (5-20%). dV/dtn,., kinetics were studied by stimulating the preparation with 20-second trains having 500-or 1000-msec interstimulus intervals and 20 seconds between the trains. Time constants (T O ) for the onset of block were 6.2 pulses and 2.7 pulses at interstimulus intervals of 500 and 1000 msec, respectively (P < 0.05) in fibers treated with 4 mg/liter quinidine. Time constant for the onset of block did not show any pH dependence. Recovery from block was not frequency dependent (4.7 ± 0.8 seconds at an interstimulus interval of 500 and 4.0 ± 1.0 second at an interstimulus interval of 1000 msec, P> 0.1). At an interstimulus interval of 500 msec, the recovery time constant increased from 4.7 ± 0.8 to 7.8 ± 2 seconds (P < 0.05) as the pH was lowered to 6.9 by decreasing [HC0 3~]o . This effect was fully reversed when the pH was restored to 7.4 (7.8 ± 2 back to 4 ± 0.4 seconds). Lowering the pH by elevating the CO 2 content gave similar results. The results at an interstimulus interval of 1000 msec parallel those of 500 msec. Elevating the drug concentration from 4 to 16 mg/liter increased the rate of onset of block (T O 5.8 ± 2 pulses to 4.2 ± 1.6 pulses, P < 0.05) but not the rate of recovery from block. These results are consistent with the hypothesis that slowing of the recovery process at low pH is the result of increased protonation of receptor-bound drug and are similar to data previously reported for lidocaine. The data support the view that quinidine and lidocaine interact with the sodium channel in a similar manner, despite suggestions that they have fundamentally different mechanisms of action. Circ Res 50: [210] [211] [212] [213] [214] [215] [216] [217] 1982 THE electrophysiological affects of quinidine in normal myocardium have been well described (Hoffman, 1958; West and Amory, 1960; Vaughan Williams and Szekeres, 1961; Chen et al., 1975) . However, only a few studies have examined its effects on abnormal myocardium. Hondeghem et al. (1974 Hondeghem et al. ( , 1976 , for example, reported that quinidine produced greater depression of excitability and action potential characteristics in ischemic and hypoxic myocardium than in normal myocardium. To obtain a more complete understanding of the mechanism by which quinidine terminates arrhythmias in the in situ heart, it is important to study the drug in various tissues of the heart under conditions that simulate the ionic milieu of diseased tissues. During ischemia, extracellular potassium concentration [K] o rises and intra-and extracellular pH falls (Poole-Wilson, 1978; Hill and Gettes, 1980) . In addition, both experimental and clinical toxicity with quinidine are associated with both a fall in plasma pH and a change in electrolyte concentrations (Bellet, 1971; Shub et al., 1978) . Changes in pH and [K] o may contribute to the observed therapeutic and toxic effects of the drug. The influence of [K] o on the actions of quinidine have been investigated extensively. Most studies have shown that the depressant effects of elevated [K] o and of quinidine are additive (Dreifus et al., 1974) . There have been few studies on the pH dependence of the effects of quinidine. In a recent study performed on Purkinje fibers, Nattel et al. (1981) showed that 1-1.5 x 10~5 M quinidine produced significantly greater reduction in resting potential, action potential amplitude, and maximum upstroke velocity dV/ dtmax at pH 6.9 than at pH 7.3. However, this study was performed only in Purkinje fibers and examined steady state action potential characteristics only. To understand more fully the mechanisms of the pH dependence of quinidine, it is also important to study the pH dependence of its kinetic effects. Katzung (1977, 1980) have recently proposed a modulated receptor model to describe the time-and voltage-dependent interaction of antiarrhythmic drugs with the cardiac so-dium channels. Using dV/dtma* as an indirect measure of the sodium current, they inferred the kinetics of the interaction of lidocaine and quinidine with the sodium channel by use of appropriate stimulation techniques. Association of quinidine with its receptor appears to occur via the open channel (Hondeghem and Katzung, 1977) . Association rate constants with the resting or inactivated channels were estimated to be zero. If charged and uncharged states of quinidine have similar access to the receptor, one would predict little pH dependence of the association process. On the other hand, dissociation of quinidine from the receptor may occur through either the channel or a hydrophobic pathway through the membrane. As the rate of exit via the hydrophobic pathway of the charged form of the drug would be slow, the dissociation process should show significant pH dependence. To test these potential pH-dependent effects, we measured dV/ dt m ax in quinidine-treated ventricular myocardium during trains of stimuli at 1 and 2 Hz. Some of our results are consistent with a more depressant effect of quinidine at low pH and with the modulated receptor model of drug-receptor interaction.
Methods
The methods were similar to those reported in a recent publication from this laboratory (Grant et al., 1980) . Experiments were performed on guinea pig papillary muscles 0.8-1 mm in diameter mounted in a three-compartment sucrose gap chamber. The test compartment was perfused with control or test solutions, the middle compartment with isotonic sucrose, and the current injecting chamber with isotonic KC1. The control solution had the following composition (mM): NaCl, 118.2; KC1, 3.5; NaHCO 3 , 25; MgSO 4 • 7H 2 0,1.2; CaCl 2 , 2.5; KH2PO4, 1.2; glucose, 11. This solution was equilibrated with a gas mixture (5% CO 2 , 95% O 2 ). To produce a metabolic acidosis, NaHCO 3 was partially replaced by NaCl to give a [HCQT] of 7.5 mM; to reproduce a respiratory acidosis, the CO 2 content was increased from 5 to 20%. Quinidine gluconate (Eli Lilly and Co.) was used at a concentration of 7.6 X 10~6 to 3 x 10" 5 M (4-16 mg/liter).
The pH in the test compartment was checked with a pH glass electrode (Beckman Zeromatic SS-3 System). The sucrose solution contained (mM): sucrose, 304; CaCl 2 , 0.01; glucose, 11, and was equilibrated with 100% oxygen. For the current injecting chamber, KC1 replaced the NaCl in the control solution. The temperature was maintained at 36.5 ± 0.5°C.
Transmembrane potential was recorded differentially between two microelectrodes (resistance 15-30 Mfl). The transmembrane potential was differentiated, and the derivative was filtered and processed by a negative peak detector. The peak dV/dtma, was held for 60-80 msec and displayed on a chart recorder (Gould Inc., model 220) at a paper speed of 5 mm/sec. The differentiator was linear in the range 10-1000 V/sec. At the repetition rate of 1-2 Hz used in the present study, the recorder was able to follow the 60-to 80-msec signal linearly. Transmembrane potential, dV/dt ma x and a 100msec time code were also recorded on film, with a kymographic camera (Grass Instruments Co., model C4).
The preparation was driven at 0.5 Hz during a 1hour equilibration period. A stable impalement was obtained. Stimulus strength then was varied to obtain a short and constant latency. This was important, as in many preparations we observed marked changes in dV/dt max with changes in latency of a few msec. We. discarded those preparations in which it was not possible to keep the latency short and constant. We also discarded those preparations in which dV/dtm ax varied more than 5% during the train. To determine the rate of development of block of dV/dtmax with drive, the preparation was stimulated with 20-second trains with 20-second rest periods between trains. Within a given train, interstimulus interval was fixed at 1000 or 500 msec.
To study the recovery of dV/dtm a x from block, test pulses were introduced during the rest period between trains. The first test pulse was introduced 1500 and 1000 msec after termination of trains of interstimulus interval of 1000 and 500 msec, respectively.
Observations were made in control solution, after 30 minutes in low pH test solution, and 30 minutes after return to control solution. In other series of experiments, observations were made in control solution, at the end of a 1-hour exposure to quinidine in control solution, after a 30-minute exposure to quinidine in the test solution, and finally 30 minutes after return to control solution with quinidine. Because of the difficulty of maintaining a single impalement in the actively contracting preparations, data were obtained in some muscles in drug-free solutions only; in others, data were obtained in control and drug-containing solution. Only experiments in which the impalement was maintained in a single cell were reported. However, data from partial experiments are consistent with those obtained from single cells.
The influence of drug dose on the rate of onset and recovery from block at pH 7.4 was studied in four muscles. Measurements of each drug dose were made in the same cell. However, this was not the same cell as that in which the control data were obtained in two experiments. After control data were obtained, the preparation was exposed to 4 mg/liter quinidine for 1 hour, followed by 16 mg/ liter quinidine for 1/2 hour. Experimental observations were repeated after each time period.
Data Analysis
From the strip chart records we analyzed the kinetics of the development of and recovery from block. Apart from the difference in gain, dV/dtmax on the fum and chart recorder were the same. In Figure 1A , dV/dtm ax declines to a steady value during a 20-second train in a quinidine-treated fiber. The steady state value of dV/dtmax is identified "by eye" (lower broken line) and it is subtracted from the upstroke velocity of the preceding beats in the train. The deviations (A') from the steady state value are normalized by dividing by the upstroke velocity of the first beat of the train. The normalized deviations (A) are then fitted to the equation A = A exp (n/T o ), where n represents the order of the beat in the train (1, 2, 3 .. .), T O the time constant for the development of block, and A the intercept. We used order of beat during the train as the independent variable rather than seconds. Previous reports suggested that the rate of development of block is more dependent on the number of preceding beats (Heistracher, 1971 ). Further, this form of analysis has been used previously by Courtney (1974 Courtney ( , 1980b . The technique for characterizing the recovery from block is illustrated in Figure IB . dV/dt max of the test response is subtracted from that of the first response in the train. The deviations, 8', are normalized by dividing by dV/dtmax of the first response in the train. The normalized deviation, 6, are fitted to the equation 6 = B exp (t/r r ), where t is the time following termination of the train, r r the time constant for the recovery from block, and B the intercept. Like Sada et al. (1979) and Courtney (1980a) , the first test pulse was introduced during the rest period at a coupling interval that was 500 msec greater than the preceding train. Because of this, we cannot exclude the presence of a two-component recovery process, with one of the components having a very short time constant.
Values are quoted as mean ± SEM. Comparisons were made using an analysis of variance or paired t-test (Dixon and Massey, 1969) .
Results

Effect of Stimulus Trains in Drug-Free Solutions
The effects of trains at interstimulus intervals of 1000 and 500 msec were examined in seven experiments during a change in [HCO3"] from 25 to 7.5 mM. During trains at an interstimulus interval of 1000 msec, the resting membrane potential, E m , declined by 2 mV (85.1 ± 2.3 to 83.1 ± 1.8 mV) and dV/dtmax by 1%. The decline of dV/dtma X was within range of the noise level of the filtered differentiated signal. Quantitative analysis of the rate of decrease and of recovery of dV/dtm ax therefore was not possible in drug-free preparations. The corresponding decreases in E m and dV/dtmax at an interstimulus interval of 500 msec were 3.5 mV (85.1 ± 1.8 to 81.6 ± 1 mV) and 2.7%, respectively. Because of the trend toward increasing depolarization with rapid rates of stimulation, we limited the interstimulus interval to 500 msec.
When the pH was lowered from 7.4 to 6.9 (HCO 32 5 to 7.5 mM), E m preceding the first beat declined an average of 2.2 mV (85.1 ± 23 to 83.9 ± 0.7) and 0.9 mV (83.1 ± 1.8 to 82.1 ± 0.7) for the last beat of the train of interstimulus interval 1000 msec. These and the corresponding changes at an interstimulus interval of 500 msec are summarized in Table 1 . Decreasing the pH by elevating the CO 2 content produced similar changes.
Effects of Stimulation during Exposure to Quinidine at Normal pH
At an interstimulus interval of 500 msec, dV/ dtmax declined during the train toward a limiting or steady state value (Fig. 1) . Recovery was complete during the 20-second rest period. In those sequences in which test impulses were introduced 1-9 sec after completion of a train, no reduction was seen in the upstroke velocity of the first beat of the subsequent train. We did not notice a trend toward progressive decline of dV/dtmax of the first beat of successive trains. During the initial period of decline, there is net blockage of the sodium channels. At steady state, the block and unblocking rates are presumably equal. The fractional block in the steady state at an interstimulus interval of 500 msec was 20 ± 0.5%. The rates at which block developed at interstimulus intervals of 500 and 1000 msec are compared in Figure 2 . At interstimulus intervals of 500 and 1000 msec, block development was fitted to single exponentials (r = 0.89 and 0.97, respectively). A double exponential would have provided a better fit for the 500-msec interstimulus interval points. However, in most experiments (e.g., Fig. 4 ), a single exponential gave a good fit to the data points and was used for the analysis of all experiments. Time constants for the development of block were 7.8 and 2.7 pulses at interstimulus intervals of 500 and 1000 msec, respectively. The greater time constant for the development of block at an interstimulus interval of 500 msec was a consistent finding in all seven experiments. Mean time constants for the development of block were 6.2 ± 1.5 and 2.7 ± 0.3 pulses at interstimulus intervals of 500 and 1000 msec, re-spectively (Table 2A ). The slower rate of development of steady state block (greater number of pulses required to achieve the steady state block) suggests that other factors, in addition to the number of pulses, determine the rate of development of block. This is in contrast to the rate of recovery from block. Recovery from block was monoexponential ( Fig. 3) . However, the time constants were less dependent on the preceding drive rate in the train, 3.4 and 3.9 seconds at interstimulus intervals of 500 and 1000 msec, respectively. Mean values were 4.7 ± 0.8 and 4 ± 1 at interstimulus intervals of 500 and 1000 msec, respectively. Steady state block was 20% during the trains of interstimulus interval 500 msec and 13% during trains of interstimulus interval 1000 msec, the results suggest that the time constant for recovery from block is not dependent on the preceding degree of block.
Effects of Stimulation during Exposure to Quinidine at low pH
During quinidine exposure we compared the rate of development of block in seven experiments and Figure 1A . The time constant for the development of block increased from 2.7 to 7.8 pulses as the interstimulus interval was decreased from 1000 to 500 msec. . Onset
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(n = 7)
7.5 ± 1.6 3.5 ± 0.7 5.8 ± 0. The earliest test responses were initiated 1 and 1.5 seconds after the last beat of trains with interstimulus intervals (ISI of 500 and 1000 msec, respectively. There were little differences (3.4 and 3.7) seconds, respectively) between the recovery time constants at interstimulus intervals of 500 and 1000 msec. 5.8 at pH 7.4, 5.9 at pH 6.9, and 5.9 on return to pH 7.4. Data from all experiments are summarized in Table 2A . Low pH tended to increase the time constant of development of block. However, generally the change was small. The changes in the recovery from block at low pH are illustrated in Figure 5 . The time constant for recovery from block increased from 5 seconds at pH 7.4 to 8.9 seconds at pH 6.9. The time constant decreased to 4.5 seconds on return of the solution to pH 7.4. Results of recovery from block at interstimulus intervals of 500 and 1000 msec in all experiments are summarized in Table 2B . Low pH caused, on average, a 66% increase in the time constant of recovery from block. The increase was accompanied by a small but significant reduction in E m . Steady state reduction of dV/dUax was 21% at pH 7.4 and 19.4% at pH 6.9 at an interstimulus interval of 500 msec. The corresponding values at an interstimulus interval of 1000 msec were 13% and 14%.
In four experiments, pH was varied by increasing the CO 2 content at a constant bicarbonate concentration. The pH of the superfusate also declined to a pH of 6.9. However, in this case we would anticipate that a greater measure of intracellular acidosis would be produced compared to decreasing [HC0 3~] , as CO 2 is freely diffusible. The results of our experiments are presented in Table 2A and confirm a lack of significant change in the rate of block development as pH was lowered by increasing CO 2 . On the other hand, the time constant for recovery from block (Table 2B) Recovery from block at pH7.4 and 6.9 during metabolic acidosis. Ln 0 is plotted on the ordinate, time (sec) on the abscissa. Time constant for the recovery from block was 5 seconds at pH 7.4, 8.9 seconds at pH 6.9, and 4.5 seconds on return to pH 7.4.
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3) at interstimulus intervals of 500 and 1000 msec, respectively. There was a small but statistically significantly greater reduction of dV/dt max at pH 6.9 than at pH 7.4 (19% vs. 23%, and 12% vs. 16%) at interstimulus intervals of 500 and 1000 msec respectively.
Effects of Drug Dose
We examined the influence of drug dose on the rate of development of and recovery from block at an interstimulus interval of 500 msec in four experiments. Records from one of these experiments are illustrated in Figure 6 . In panel A, a 26% decline of dV/dtmax developed with a time constant of 3.4 pulses during exposure to 4 mg/liter of quinidine. The extra action potential initiated 4.5 seconds after termination of the train had an upstroke velocity equal to 94% of that of the first beat of the train. Time constant for recovery from block was 4.4 seconds. The effects of increasing the drug dose to 16 mg/liter are illustrated in panel B. The upstroke velocity of the first beat of the train declined by 6% compared with the first beat in panel A. A 60% decline of dV/dtmax developed with a time constant of 2.4 pulses. This is in striking contrast to a relative lack of use-dependent block of the sodium current recently reported in isolated rat cardiac myocytes (Lee et al., 1981) . The extra action potential initiated at the same time as in panel A had an upstroke velocity 86% of that of the first beat of the train. Time constant for recovery from block was 5.2 seconds. Mean values for the time constant of development of block were 5.8 ± 2 pulses at 4 mg/liter and 4.2 ± 1.6 at 16 mg/liter (P < 0.05). The corresponding values for the rate of recovery from block were 4 ± 0.8 seconds and 4.5 ± 0.6 seconds at 4 and 16 mg/liter, respectively (P > 0.1). As judged by the action potential characteristics, it was not possible to partially reverse the effect of 16 mg/liter of quinidine by washing with the 4 mg/liter solution for 1 hour.
Discussion
Our study has examined the rates of development of and recovery from block of dV/dt ma x in quinidinetreated preparations. The kinetic effects have been compared at pH 7.4 and pH 6.9, the latter produced by either decreasing [HCC>3~] or elevating the CO 2 content. Our study demonstrates that (1) the rate of drug-induced depression of dV/dt max is dependent on rate of stimulation; (2) the rate of recovery from block is relatively insensitive to drive rate; (3) dV/dtmax undergoes slight changes as pH is lowered from 7.4 to 6.9 at the dose of quinidine we studied; (4) the rate of development of block is not significantly increased by low pH; (5) the rate of recovery from block is slowed by low pH; (6) increasing drug dose increases the rate on onset of block but not the rate of recovery from block. Some of these conclusions are consistent with predictions of models of interaction of the local anesthetic class of drugs with the sodium channel. However, before any attempts are made at such interpretations, it is important to review problems associated with the methods employed in the present study.
We have used dV/dtmax of action potentials initiated from the completely repolarized membrane as a measure of the sodium current. The validity of this assumption has been discussed at length (Hunter et al., 1975; Hondeghem, 1978; Strichartz VOL. 50, No. 2, FEBRUARY 1982 and Walton and Fozzard, 1979) . In the case of action potential arising from a uniformly polarized membrane, dV/dtmax is a direct function of sodium current. In the propagated case, as in the present experiments, dV/dtn, ax is a nonlinear function of sodium current. However, there are data that suggest that kinetic parameters obtained from dV/dtmax parallel changes in these parameters obtained by voltage clamp techniques measuring sodium current (Ebihara et al., 1980) . Because we cannot be certain that the quantitative changes in dV/dtmax parallel those of sodium current during the present series of interventions, we think that it is important to confirm our findings in voltageclamped preparations.
We used trains of stimuli to obtain drug-induced block of dV/dtmax. However, like other investigators (e.g., Courtney, 1980a) , we noted depolarization during the train. The depolarization was greater at an interstimulus interval of 500 msec than at 1000 msec. Assuming a constant «k in ventricular muscle during the drive (Browning, 1980) , a decline in E m from -85 to -81.6 mV during trains of interstimulus interval of 500 msec corresponds to an increase in extracellular potassium concentration from 4.7 to 5.3 mM. Membrane potential recovered between the trains. Changes of K o and /or membrane potential may contribute to the decline of dV/dt max during the train and its recovery following the train. Changes in E m and estimates of changes in [K] o were the same at pH 7.4 and 6.9. It is therefore reasonable to assume that any influence of K accumulation and removal during and after the train would have a similar effect on membrane potential at the two pH values studied. We chose slower rates of stimulation during the train to minimize these effects.
The rate at which steady state block was approached depended on the rate of stimulation. The two-state model of Courtney et al. (1978) predicts such a dependence on stimulation frequency. However, Heistracher (1971) showed that the number of pulses required to reach steady state with the drug ajmaline demonstrated little dependence on rate of stumulation. The difference between the frequency dependence of ajmaline and quinidine may be related to the unusual kinetics of ajmaline. During ajmaline exposure, several minutes are required for the development of block compared with the seconds required for quinidine. The frequency dependence of block development with quinidine suggests that factors other than opening of the channel are important in the rate of block development. For long time intervals (e.g., the total duration of 20second trains), the time during which the membrane is in a depolarized state is greater at faster drive rates (i.e., the sum of the area of the action potentials in a given time is greater at a faster rate). This difference in the time spent by the channels in the depolarized inactivated state may explain the difference in kinetics during the train. The rate of recovery from block was relatively insensitive to drive rate despite the greater degree of depression of dV/dtmax at high rates.
In order to compare the pH dependence of block onset and recovery during and after the train, it is important to review the state of the sodium channel during the train and during the recovery period. During a train the sodium channel cycles through the following states:
resting -> active -* inactivated On the other hand, block recovery is associated with the following transitions: inactivated ^± resting Drug can interact with the channel in all three states. Because it has two rather than three channel states, the recovery process should, in principle, be simpler to analyze and will be considered first. The data of Hondeghem and Katzung suggest a further simplification in that the rate constant of association of drug with the resting channel is approximately zero. The rate of recovery from block during the rest period therefore depends principally on the rate of dissociation of drug from the inactivated channel. This recovery process was slowed by lowering the pH in the present series of experiments. Drug may escape from the inactivated channel through either hydrophobic regions within the membrane or, less likely, the "closed" channel. The uncharged drug can escape via the hydrophobic region at a much greater rate than the charged drug. Decreasing the pH decreases the proportion of uncharged drug molecules on the receptor, so that the rate of dissociation of drug from receptor should be slower. In spite of the fact that the pK a of quinidine is 8.6, compared with 7.8 for lidocaine, low pH (7.4 -> 6.9) prolonged the recovery process by the same order of magnitude as did lidocaine. This is consistent with a similar mechanism of interaction between drug and receptor, despite a previous classification that suggested different mechanisms of action on phase 0 of the action potential. The apparent differences of the effects of lidocaine and quinidine on conduction in isolated tissues and in situ heart may be dependent on differences in the rate of interaction with the sodium channel. Preliminary experiments in which the pH was raised such that the ratio of charged to uncharged forms of quinidine was similar to that of lidocaine at pH 7.4, a difference of at lease five-fold persisted in the rate of onset and recovery process between the two drugs. As both drugs are highly lipid soluble, these data suggested that the difference in molecular weight may be the basis of the difference in kinetics (Courtney, 1980a) . A change in the steady state distribution of the drug inside and outside the cell appears unlikely as the explanation for the present data. The experiments showing no significant change in recovery rate constants when the effects of 4 and 16 mg/liters of quinidine were compared are consistent with this view.
The rate of development of block during a train is clearly a more complex process as the channels are being cycled through an additional state, and the time spent in each of these states may vary as pH is changed. Our data do not allow us to make any detailed analysis of each factor leading to a decline of dV/dtmax during the train. However, we would predict that if the rate of recovery of dV/ is slowed at low pH, the extent of recovery of between pulses during the train would be less and it would take more time to achieve steady state block. The apparent lack of effect of low pH on rate of block development that we report may therefore be anomalous. Reciprocal changes in any of the other factors governing rate of development of block could nullify the influence of the slower recovery on block onset.
We observed a more rapid onset of block during the train as the quinidine dose was increased from 4 to 16 mg/liter. This is consistent with the assumption used in the models of local anestheticreceptor interaction of simple mass action kinetics of drug with the open channel. On the other hand, block recovery did not show significant dose dependence. A relative lack of sensitivity of the recovery process to drug dose has been reported for a number of other antiarrhythmic agents, e.g., lidocaine (Oshita et al., 1980; Grant et al., 1980) , procainamide (Sada et al., 1979) , tocainide (Oschita et al., 1980; Courtney, 1980a) , and alprenolol (Courtney, 1980a) .
The observations in the present study and those reported previously (Nattel et al., 1981) suggest that low pH may interact with quinidine in an important way, to produce much more marked depression of conduction and excitability in ischemic and other diseased tissues. Further, the prompt reversal of the effects of low pH that we observed when the pH was restored to 7.4 suggests that correction of pH may play an important role in the management of quinidine toxicity. Our results on the effects of pH change and of increasing drug dose provide further support for the modulated receptor model. We believe that further studies of pH dependence of local anesthetic type drugs may provide greater insight into the nature of the drug-receptor interaction.
